In arid and semiarid regions of northern China, there is an increasing interest in using reduced rate of inorganic fertilizer together with water-saving superabsorbent polymer (SAP) for field crop production. Thus, an efficient management of fertilizer and study of metabolic changes in response to SAP application is important for improved production of corn. 24 undisturbed soil lysimeters (35 cm in diameter and 150 cm in depth) were installed in a field lysimeter facility during 2010, to study yield and physiological mechanisms in corn (Zea mays L.) subjected to application (30 kg ha -1 ) or without application of SAP at different fertilization levels (standard, medium or 75% and low or 50% of conventional fertilization rate). The results show that the corn yield fell by 19.7% under medium and 37.7% under low fertilization; the application of SAP increased it significantly by 80.3%. Although SAP had marginal effect under standard fertilization, plants treated with SAP under reduced fertilization showed a significant decrease in superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX) and glutathione reductase (GR) activities in leaves when compared with control plants. Our results suggest that drought stress as well as fertilizer reduction leads to production of oxygen radicals, which results to oxidative stress in the plant and the application of superabsorbent polymer could conserve soil water and nutrients, making same available for plants to reduce oxidative stress and increase biomass accumulation, especially under reduced fertilization level.
INTRODUCTION
Drought stress limits crop growth and productivity more than any other single environmental factor (Todorov et al., 1998) . However, in certain tolerant/adaptable crops, morphological and metabolic changes occur in response to drought, which contribute to adaptation to such unavoidable environmental constraints (Ben-Amor et al., 2007) . Efficient management of soil moisture and fertilizer is important for agricultural production in the light of scarce water resources. China has a large region of dry land in the north, which accounts for about 56% of the *Corresponding author. E-mail: xuexz@nercita.org.cn. Tel: +86 10 51503591. Fax: +86 10 51503750. nation's total land area but only 24% of the country's water resources (Xin and Wang, 1999) . Northern China is the most important wheat and maize production area in China. The main cropping system in this region is wheat and maize double cropping in a year, producing about 29.6% of the nation's food, including about half of the wheat and one third of the maize production (NBSC, 1998) . The average requirement of water for crop production is about 800 mm (450 mm for wheat and 360 mm for maize), whereas mean annual rainfall is only about 550 mm . In recent years, however, increased water deficits associated with overuse of surface water, declining ground water levels, water pollution and soil salini-zation are threatening the sustainability of agricultural production in the region (Hu et al., 2005; .
On the other hand, fertilizer utilization in China also challenges the acceptance limit of resource and environment. Excessive application of inorganic fertilizer in China has become a fear factor for long term farmland efficiency and environmental sustainability. In arid and semiarid regions of NCP (double cropping wheat and corn areas), there is a common trend of excessive fertilization (about 600 kg ha -1 ) for better crop production. Some recent studies (Zhu and Chen, 2002) have shown that most of those applied fertilizer were lost through leaching, resulting to serious environmental hazards, including soil acidification, heavy metal contamination and greenhouse gas emission. Soils in the NCP area are mostly characterized by low water-holding capacity, high evapotranspiration and excessive leaching of rain and irrigation water below the root zone, leading to poor water and fertilizer use efficiency by crops (Wang et al., 2001) , while crop productivity is seriously affected by drought stress.
Plant stress invariably leads to oxidative stress in the plant cell due to the higher leakage of electrons towards O 2 during photosynthetic and respiratory processes leading to enhancement in reactive oxygen species (ROS) generation (Asada, 1999) . The ROS such as O 2 -, H 2 O 2 and OH radicals have potential to interact with many cellular components, causing significant damage to membrane and other cellular structures, and consequently growth inhibition (Blum, 1996) . Some of the ROS are highly toxic and must be detoxified by cellular responses if the plant survives and grows (Drame et al., 2007) . The ROS scavenging depends on the detoxification mechanism, which may occur as a result of sequential and simultaneous action of a number of antioxidant enzymes, including superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX) and glutathione reductase (GR).
Plants under stress exhibit some defense mechanisms to protect themselves from the damaging effect of oxidative stress. Plants with high constitutive and induced antioxidant levels have better resistance to damage (Gigon et al., 2004) . The scavenging of ROS is one among the common defense responses against abiotic stresses (Gossett et al., 1994) . The degree of damage by ROS depends on the balance between the product of ROS and its removal by these antioxidant scavenging systems (Demiral and Turkan, 2005) . When ROS increases, chain reactions start, in which superoxide dismutase (SOD) catalyzes the dismutation of O 2 -radicals to molecular O 2 and H 2 O 2 . CAT and POD catalyze the breakdown of H 2 O 2 . The H 2 O 2 is then detoxified in the ascorbate-glutathione cycle which involves the oxidation and re-reduction of ascorbate and glutathione through the ascorbate peroxidase (APX) and glutathione reductase (GR) action (Gossett et al., 1994) . The increased production of superoxide radicals and H 2 O 2 was paralleled by malondialdehyde (MDA) accumulation under drought stress (Porcel and Ruiz-Lozano, 2004) . MDA is a decomposition product of polyunsaturated fatty acids of Mao et al. 10001 biomembranes which is an important indicator of membrane damage (Jiang and Zhang, 2001) . In arid and semiarid regions of northern China, there is an increasing interest in using reduced rate of inorganic fertilizer together with water-saving superabsorbent polymer (SAP) for field crop (such as corn) production (Islam et al., 2011a, b, c) . Several studies have confirmed the effectiveness of SAP application for mitigating drought effects on plants (Islam et al., 2011a, b, c; Yazdani et al., 2007) . When polymers are incorporated in soil, it is presumed that they retain large quantities of water and nutrients, which are released as required by the plant. Thus, plant growth could be improved with limited water supply (Yazdani et al., 2007) . The use of hydrophilic polymer materials as carrier and regulator of nutrient release is helpful in reducing undesired fertilizer losses, while sustaining vigorous plant growth (Mikkelsen, 1994) .
Although there is limited understanding of droughttolerance mechanisms, physiological and molecular biological studies have documented several plant responses to drought stress (Luan, 2002) . In particular, drought can result in the closure of stomata and increased biosynthesis of the stress hormone, abscisic acid (ABA), as well as the induction of drought and ABA-responsive genes.
Synthetic polyacrylamide with potassium salt base manufactured by Beijing Han Li-sorb Poly-water Hightech Company Limited, which is a cross linked polymer developed to retain water and fertilizer in the agricultural and horticultural sector, was used for the study. Polymers are safe and non-toxic and will finally decompose to carbon dioxide, water, ammonia and potassium ions, without any remainder (Mikkelsen, 1994) . The research was aimed also to clarify whether an application of superabsorbent polymer (synthetic poly-acrylamide) to plant might be a strategy for increasing stress tolerance at the phyto-physiological level. The objective was to examine the effect on the activities of different antioxidant enzymes as well as biochemical changes in leaves of corn.
MATERIALS AND METHODS

Experimental site
The study was conducted at the National Experimental Station for Precision Agriculture, Xiaotangshan (40°10′ N, 116°27′ E), Beijing, P. R. China during the year, 2010. Climate of the area is continental type and winter temperatures can be as low as -25°C and summer temperature can rise above 40°C; total rainfall is about 540 mm, being concentrated mainly in June to July (NBSC, 1998) . The soil is loamy sand and the background soil characteristics of the experimental plot, determined at the beginning of the experiment are presented in Table 1 .
Soil lysimeter sampling and preparation
To maintain a particular moisture and nutrient status for the treatments, 24 large, undisturbed soil monolith lysimeters (35 cm in diameter, 150 cm in depth and surface area is 962.5 cm 2 ) were collected from a corn field in National Experimental Station for Precision Agriculture, Xiaotangshan (40°10′ N, 116°27′ E), Beijing, P. R. China. The collection of undisturbed soil monolith lysimeters followed the procedure described in Islam et al. (2011d) . Each lysimeter casing consisted of a polyvinyl chloride (PVC) cylinder. The lysimeters were transported to a field trench lysimeter facility (5 m long, 4 m wide and 2 m deep) in the National Experimental Station for Precision Agriculture, Beijing, P. R. China.
Treatments and maintenance
Superabsorbent polymer (granular) was applied at a 20 cm depth into the lysimeter during seed sowing at the rate of 30 kg ha -1 , whereas the control pots received only inorganic fertilizer but no SAP. The conventional application rate (ha -1 ) of inorganic fertilizers for the experimental area was 300 kg urea (N), and 100 kg each of superphosphate (P) and potassium sulfate (K), which was considered as standard fertilization rate. The experiments were conducted under three fertilization levels (conventional standard rate, 75% of standard rate or medium rate and 50% of standard rate or low rate). The two SAP application rates (with or without) and three fertilizer regimes were combined to make a total of 6 treatments. The treatments were replicated four times and arranged into a completely randomized design. JingDan 28 (Developed by Beijing Academy of Agriculture and Forestry Science), in northern China commonly grown hybrid grain corn variety (Zea mays L.) was used for the experiment. Seeds were directly sown into the lysimeter on 15th June and harvested on 21st September in 2010. After emergence, seedlings were thinned to one stand per lysimeter.
Nitrogen (urea, 46% N) was split into base and dressing applications, and phosphate (superphosphate, 5.2% P) and potassium (potassium sulfate, 41.4% K) fertilizers were applied as base fertilizer. Irrigation was applied immediately after the N application according to standard practice in the region.
An automatic weather station was installed in the experimental field to record the daily air temperature, rainfall and relative humidity during the experimental period (Figure 1 ). Air temperature ranged from 5.6 to 40.7°C and the mean temperature was 25.0°C. The total precipitation was 298.7 mm in 30 rainy days which was 51.3 mm lower than corn requirements . Relative air humidity (daily average) ranged from 38.6 to 89.9% and the mean value was 68.6%. Total irrigation was 60 mm in three spells which was maintained by observing drought status and plant requirements.
Phenological and physiological measurements and calculation
Determination of grain yield and biomass accumulation was carried out during the harvest. Relative water content (RWC) of leaves was determined at 3, 6 and 9 weeks after sowing (WAS) by the standard method (Schonfield et al., 1988) according to the following equation:
At 8 WAS, when plants had attained the maximum vegetative growth stage, SPAD readings were taken using SPAD-502 chlorophyll meter. Readings were taken on about same location of each plant. For biochemical analysis, the samples were collected on 8 WAS. Immediately after collection, the samples were washed and then frozen in liquid nitrogen and stored at -80°C.
Lipid peroxidation
Lipid peroxidation was estimated from the level of malondialdehyde (MDA) production using thiobarbituric acid (TBA) according to Sairam and Srivastava (2001) . Fresh leaf (0.5 g) was homogenized in 5 ml of 0.1% trichloroacetic acid (TCA) and centrifuged at 10000 g for 10 min. The mixture (containing 1 ml sample supernatant, 4 ml 20% TCA and 0.5% TBA) was heated at 95°C for 30 min, quickly cooled and centrifuged at 10000 g for 10 min. The resulting supernatant was used for spectrophotometric determination of MDA. Absorbance of +TBA was read at 532 and 600 nm using the corresponding TBA as the blank. The MDA concentrations were calculated according to Du and Bramlage (1992) as follows:
Soluble protein content
Total soluble protein was extracted from 0.5 g leaf tissue in 5 ml 0.1 M Tris-HCl (pH 7.5) containing 50 mM ascorbic acid, 1% β-mercaptoethanol and 1 mM phenylmethylsulfonyl fluoride after centrifugation (15000 g for 30 min) at 4°C. Protein content was determined by the procedure of Jiang and Huang (2002) using bovine serum albumin as standard.
Assay of antioxidant enzymes
Frozen leaf tissue (0.5 g) was homogenized at 4°C in 5 ml of 0.05 M sodium phosphate buffer (pH 7.0) containing 0.1 mM ethylene diamine tetra acetic acid, 1 mM L-isoascorbic acid, 1% (w/v) polyvinylpyrrolidone and 0.5% (w/v) Triton X-100. Extracts were centrifuged at 15000 g for 30 min and the supernatants were used for the assays of enzyme activities. Superoxide dismutase (SOD) Figure 1 . Daily air temperature, rainfall and relative humidity of the experimental field during corn growing season (15th June to 21st September, 2010). activity was determined according to Sarkar et al. (2001) using the photochemical nitrobluetetrazolium (NBT). One unit of SOD is defined as that which is present in the volume of extract that causes inhibition of the photo reduction of NBT by 50%. Catalase (CAT) activity was estimated by monitoring the disappearance of H2O2 by recording the decline in absorbance at 240 nm according to the method of Sairam and Srivastava (2001) . The reaction mixture contained 50 mM sodium phosphate buffer (pH 7.0), 15 mM H2O2 and crude enzyme extract. Peroxidase (POD) activity was determined by recording the oxidation of guaiacol in the presence of H2O2. The increase in absorbance was recorded at 470 nm (Hernandez et al., 2000) . The reaction mixture contained 100 µl crude enzyme, 500 µl H2O2, 500 µl guaiacol and 1900 µl potassium phosphate buffer (pH 6.1). Ascorbate peroxidase (APX) activity was measured following the procedure described by Kuk et al. (2003) . The reaction mixture contained 50 mM sodium phosphate buffer (pH 7.0), 0.2 mM EDTA, 0.5 mM ascorbic acid and 0.25 mM H2O2. APX activity was determined by monitoring the decline in absorbance at 290 nm for 2 min as ascorbate was oxidized. Glutathione reductase (GR) activity was assayed by monitoring the glutathione-dependent oxidation of NADPH at 340 nm by the method of Kuk et al. (2003) in a reaction mixture containing 50 mM sodium phosphate buffer (pH 7.8), 0.2 mM NADPH, 0.5 mM glutathione, 2 mM ethylene diamine tetra acetic acid and enzyme extract.
Soil analysis
Soils were sampled from the soil sampling point from each lysimeter at 0 to 20 cm, 20 to 40 cm, 40 to 60 cm, 60 to 80 cm, 80 to 100 cm and 100 to 120 cm depths before sowing. Air-dried soil samples were ground and passed through 1 mm sieve before analysis. Total N was determined by Kjeldhal method (AOAC, 1990). Available P was determined by the method of Olsen et al. (1954) . Available K was measured by analyzing the filtered extract on an atomic absorption spectrophotometer set on emission mode at 776 nm.
Statistical analysis
An analysis of variance was performed using the STATVIEW software (SAS Institute Inc., Cary, NC, USA) to statistically partition the effects of fertilization and superabsorbent polymer as well as their interactions. Treatment means were compared using the Fisher's protected least significant differences at the 5% level of probability.
RESULTS
Grain yield and biomass accumulation
The maximum grain yield achieved under standard fertilization, was reduced by 19.7 and 37.7% under medium and low fertilization and the application of SAP increased significantly by 80.3% (Figure 2 ). Among the fertilizer regimes, SAP increased grain yield by 64.7% under standard, 73.7% under medium and 120.1% under low fertilization. The stover weight also increased considerably (P<0.05) following the SAP application ( Figure  2 ). Stover weight under adequate irrigation exceeded that under medium and low fertilization by 9.3 and 25.7%, respectively. The total above ground biomass accumulation of corn increased significantly by 53.0% with SAP treatment and the highest value was achieved under standard fertilization (Figure 2 ). When compared with the standard fertilizer rate, the AGB was reduced by 13.7% under medium and 29.8% under low fertilization. Table 2 shows the changes in relative water content (RWC) of fully expanded corn leaves (top leaf or flag leaf) under different fertilizer and SAP treatments at different growth stages (3, 6 and 9 WAS or weeks after sowing). The trend in changes of RWC following fertilizer treatments were almost similar across the growth stages, it reduced slightly under medium and significantly under low fertilization when compared with standard fertilizer rate. However, application of SAP increased RWC significantly by 15.4% at 3 WAS, 9.2% at 6 WAS and 12.6% at 9 WAS when compared with those without SAP or control.
Relative water content
SPAD value
The chlorophyll concentration (SPAD value) in the leaves (Table 3) reduced by 15.2% under medium and 23.3% under low fertilization when compared with standard rate, whereas the application of SAP significantly increased it by 16.4%. However, the SPAD value changed marginally under standard fertilization with SAP application but increased by 13.0 under medium and 28.6% under low fertilization.
Soluble protein content
The application of SAP caused a significant increase (15.3%) in total soluble protein contents in the leaves (Table 3) , especially under low fertilization. Among the fertilization levels, total soluble protein content was highest under standard fertilization but decreased by 10.6 and 18.4% under medium and low fertilization, respectively. Total soluble protein changed marginally for SAP application under standard fertilization but increased by 14.4 and 32.2% under medium and low fertilization.
Lipid peroxidation
The MDA content in the leaves (Table 3) increased by 13.5% under medium and 39.2% under low fertilization when compared with standard rate, whereas the application of SAP significantly prevented lipid peroxidation by reducing the MDA content in the leaves by 13.1%. However, the MDA content under standard fertilization did not changed with SAP application but reduced by 14.7 and 17.2% under medium and low fertilization, respectively. 
Activity of antioxidant enzymes
SOD activity in the leaves was lowest under adequate irrigation but increased by 13.2 and 29.6% under medium and low fertilization, respectively (Table 4 ). Application of SAP had a remarkable (P<0.001) effect, reducing SOD activity by 10.2 and 18.4% under medium and low fertilization. CAT activity (Table 4) reduced significantly (P<0.0001) following SAP application but the activity increased by 20.6 and 54.6% under medium and low fertilization when compared with standard fertilization. The CAT activity was marginally changed following SAP application under standard fertilization when it was reduced by 20.9 and 26.9% under medium and low fertilization. A significant increase in POD activities (Table  4) was noted by fertilizer treatments as it increased by 22.8% under medium and 43.0% under low fertilization, whereas the activity in plants without SAP exceeded that in plants with SAP by 14.9%. Among the fertilization levels, the application of SAP had no significant effect on POD activity under standard fertilization but reduced it by 17.2 and 18.4% under medium and low fertilization. Ascorbate peroxidase (APX) activity (Table 4 ) significantly increased by 25.9 and 45.7% under medium and low fertilization and the activity without SAP treatments exceeded (P<0.01) that with SAP by 14.2%. Glutathione reductase (GR) activity (Table 4) also increased under limited fertilization and the value without SAP exceeded that with SAP by 15.1%.
DISCUSSION
Superabsorbent polymers have been used as waterretaining materials in agricultural and horticultural fields (Islam et al., 2011a, b,; Yazdani et al., 2007) because when incorporated in soil, they can retain large quantities of water and nutrients. These stored water and nutrients are released slowly as required by the plant to improve growth under limited water supply (Islam et al., 2011a, b) . Our data showed that the applied SAP had a remarkable effect on corn growth, especially under limited nutrient supply. Previous research under both field and laboratory conditions also showed similar results (Islam et al., 2011a, b; Yazdani et al., 2007) . During our experiment, undisturbed soil monolith lysimeters were used which is highly accurate for maintaining a particular soil fertility status (Islam et al., 2011d) . RWC is the appropriate measure of plant water status in terms of the physiological consequence of cellular water deficit, while water potential is an estimate of plant water status and it is useful in dealing with water transport in the soil-plant-atmosphere continuum (Kramer, 1988) . In our experiment, we found that the application of SAP substantially increased the RWC at all growth stages, especially under low fertilization (Table 2) . Our results suggest that fertilizer application is directly associated with physiological responses in corn plant and its drought status. It leads to production of oxygen radicals as the plants exposed to drought showed a significant increase in SOD, CAT, POD, APX and GR activity (Table  4) in the leaves which resulted in increased lipid peroxidation and oxidative stress in the plant (Table 3) . Plant stress may also lead to stomata closure, thereby reducing CO 2 availability in the leaves and inhibiting carbon fixation. This exposes the chloroplast to excessive excitation energy, which could in turn increase the generation of free radicals and induce oxidative stress (Islam et al., 2011a, b) . The corn plant which is considered moderately drought tolerant (Islam et al., 2011b) might have inadequate ROS scavenging system in addition to other tolerance mechanisms to cope with stress. In our study, the superabsorbent polymer decreased the activity of these enzymes (Table 3 and 4) possibly through the elimination of free radicals. Application of superabsorbent polymer could conserve different amounts of water and nutrients on its own, thereby increasing the soil's capacity for water and nutrient storage and preservation and enhanced growth (Tohidi-Moghadam et al., 2009; Islam et al., 2011d) . Thus, under stress condition, the application of superabsorbent polymer would ensure more available water and nutrient for plant and reduce oxidative stress at phytophysiological levels, resulting to better growth and biomass production. This is the first report on corn at these levels since most of the previous studies with SAP focused mainly on water holding capacity and yield characteristics. Earlier studies on antioxidant enzyme activities and effects of SAP have been reported for different moisture levels (Islam et al., 2011a, b) . Differences in responses of corn subjected to SAP application were evident during our observations whereas, the application of SAP increased grain yield by 64.7% under standard, 73.7% under medium and 120.1% under low fertilization. However, under arid and semiarid conditions of northern China or other areas with similar ecologies where poor soil quality leads to low fertilizer use efficiency, application of SAP with reduced fertilization could be a promising fertilizer saving technology and this model could change the fertilization strategy of the region. Further research on SAP application should consider the duration of the effect on the soil and plants and its environmental and economic advantages.
